Protocols for evaluating chemical toxicity at the cellular level using fish cell lines are described in this unit. Routine methodologies for growing salmonid cell lines, and using them in aquatic toxicology studies that support the mandate of the Organization for Economic Co-operation and Development (OECD) to reduce the use of whole animals in toxicity testing, are presented. Rapid, simple, cost-effective tests evaluating viability of cells with three indicator dyes per sample provides a broad overview of the sensitivity of cells to chemical contaminants. This fluorometric assay involves: (1) alamar blue for metabolic activity, (2) CFDA-AM for membrane integrity, and (3) neutral red for lysosomal function. These protocols are conveniently performed in semi-unison within the same multiwell plates and read at three different wavelengths. Detailed step-by-step descriptions of the assays, parameters to consider, troubleshooting, and guidelines for data interpretation are provided as essential tools for investigating environmental aquatic contaminants at the cellular level. Curr. Protoc. Toxicol. 56:1.5.1-1.5.20. C 2013 by John Wiley & Sons, Inc.
INTRODUCTION
In light of a new "Fish Testing Framework" recently released by the Organization for Economic Co-operation and Development (OECD), and alternative bioassay tests being advocated to reduce whole animal testing in fish toxicity assays (OECD, 2012) , this unit describes protocols for growing salmonid cell lines and using them in in vitro toxicology studies. Cell viability of cultures is assessed with three indicator dyes: alamar blue for metabolic activity, CFDA-AM for membrane integrity, and neutral red for lysosomal activity. These protocols are essential tools for investigating environmental toxicity at the cellular level.
Fish-derived cell lines are being used for at least three basic purposes in the investigation of environmental contaminants. One is in ascertaining the mechanisms by which contaminants exert their toxicity; a second is in determining the relative toxicity of different chemical contaminants; and a third application is in evaluating the toxicity of environmental samples. These three goals are interrelated, as toxic mechanisms give insight into
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Current Protocols in Toxicology Supplement 56 Parameters and Troubleshooting) Catch basin (a plastic container at least slightly larger than the size of the microwell plate) Positive-displacement digital microdispenser (e.g., Nichiryo model 800) or adjustable-volume micropipet (e.g., Eppendorf Reference 0.1 to 2.5 μl) Glass pipet tips for digital microdispenser (Nichiryo) or plastic micropipet tips (e.g., Eppendorf) Multichannel pipettor (e.g., Eppendorf Research plus, 100 to 1000 μl, or 30 to 300 μl) Parafilm Cover foil (non-breathable; Nunc) Radiation exposure chamber containing UV-A and/or UV-B fluorescent lamps (Southern New England Ultraviolet) and a fan Spectroradiometer (e.g., InstaSpec II photodiode array spectroradiometer, Oriel) Transformer to modulate UV intensity Fluorometric microwell plate reader Additional reagents and equipment for counting cells (APPENDIX 3B) NOTE: All solutions and equipment coming into contact with cells must be sterile, and aseptic technique should be used accordingly. Work >6-in. from the front of the vertical laminar flow hood, as the sterile zone begins there.
NOTE: EDTA and trypsin steps can be replaced with TrypLE, a recombinant form of trypsin available from Invitrogen that works without the EDTA rinse step and which is a much gentler dissociating solution.
Prepare fish-derived cell cultures 1. Adjust all solutions (medium, versene, trypsin) to 18 • to 22 • C or to room temperature for approximately 1 hr before use.
2. Turn on the laminar flow hood, and wipe all surfaces with 70% ethanol solution.
3. Examine the confluent culture of RTgill-W1 cell flask under an inverted phasecontrast microscope.
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Note the general appearance of the culture, checking for inadvertent microbial contamination or unexpected rounding and detachment of the fish-derived cells. Cultures to be passaged should appear normal and confluent (i.e., covering the bottom of the flask completely) or close to confluence (90%).
4. Under the laminar flow hood, aspirate the old medium and add 1.5 ml of 0.53 mM versene to the flask. Swirl it around gently, leave for 1 min, and aspirate it off. Repeat rinse with 1 ml of versene and remove. 6. Add 3 ml Leibovitz's complete medium containing FBS to the flask. Pipet the medium up and down, directing the stream towards the bottom of the flask, to make sure that all cells are dislodged and resuspended in the medium.
Trypsin inhibitors in FBS stop the action of the trypsin.
7. Transfer the cell suspension to a sterile 15-ml centrifuge tube and centrifuge 3 min at 200 × g, room temperature, in a tabletop centrifuge.
8. Aspirate the supernatant from the 15-ml centrifuge tube, being careful not to aspirate the cell pellet. Leave a small amount of supernatant (0.25 ml) over the cell pellet. Flick the centrifuge tube to resuspend the cells in the small volume of medium.
Plate cells to maintain cell line 9a. Add 10 ml fresh Leibovitz's complete medium containing FBS to the centrifuge tube and transfer 5 ml to each of two 75-cm 2 tissue culture flasks. Add 5 ml medium to each flask and close flasks tightly.
10a. Examine flasks using a phase-contrast microscope. Note whether cells have detached as single cells or as clumps and whether the suspension has been distributed equally between the two flasks.
11a. Allow the cells to grow at 18 • to 22 • C. When the cultures are confluent (7 to 10 days), split 1:3 or harvest to use for an experiment.
Plate cells in microwell plates for toxicant exposure 9b. Add 5 ml Leibovitz's complete medium containing FBS. Determine the cell density using a hemacytometer (APPENDIX 3B). Using fresh medium, adjust cell density to 1.5 × 10 5 cells/ml if using 24-, 48-or 96-well plates. 
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21a. At the end of the dark exposure, remove plates from the incubator and continue with the cytotoxicity assay for assessing metabolic activity with the fluorescent dye alamar blue (proceed to step 24).
For membrane integrity assessment, use CDFA-AM (see Alternate Protocol 1) or for lysosomal activity assessment, use neutral red (see Alternate Protocol 2).
For exposure of fish-derived cells to toxicants in the presence of irradiation 19b. Turn on the lamps of the radiation exposure chamber at least 15 min prior to use in order to allow lamps to warm up and emit a stable radiation. 20b. Place the appropriate unit of the spectroradiometer into the radiation exposure chamber in order to perform UV radiation measurements, as described in the user manual of the spectroradiometer. 21b. Using the transformer, adjust UV intensities as desired.
For example, a 10:1 ratio of UV-A to UV-B may be desirable in order to mimic the ratio of these two UV components in nature. If no transformer is available, radiation intensity may be adjusted by varying the distance between the exposure tray and the lamps, but this method is somewhat cumbersome.
22b. Once the radiation exposure chamber has been set up, place tissue culture plates into the chamber in an atmosphere of air for the required exposure period. Place a second tissue culture plate into the chamber at the same time but protected from radiation.
This second plate serves as the dark control.
23b. At the end of the UV exposure, remove plates from the chamber and proceed with the cytotoxicity assay for assessing metabolic activity using alamar blue, go to step 24 (for membrane integrity using CDFA-AM, see Alternate Protocol 1; or for lysosomal activity using neutral red, see Alternate Protocol 2).
Assess metabolic activity using alamar blue 24. Prepare a 5% (v/v) working solution of alamar blue in L-15/ex solution. 25. Remove exposure medium from plates by inverting over a catch basin. Drain plates further for a few seconds on a small stack of paper towels.
Alamar blue is purchased as a ready-to-use solution in quantities of
26. Add 400 μl (24-well plate), 100 to 150 μl (48-well plate), or 50 to 100 μl (96-well plate) of 5% alamar blue working solution to each well of the respective plates.
The general rule is to at least cover the growth surface of the wells, although some plate readers may require slightly larger volumes for accurate readings.
27. Incubate the plates in the dark at 18 • to 22 • C for 30 min. (O'Brien et al., 2000) .
Although longer incubation times are also possible, the yield of fluorescent units from alamar blue can decline if the incubation period is too long

The Use of Fish-Derived Cell
1.5.8
Supplement 56 Current Protocols in Toxicology 28. Measure alamar blue on the fluorometric plate reader at excitation and emission wavelengths of 530 and 590 nm, respectively.
ALTERNATE PROTOCOL 1
EVALUATION OF TOXICITY IN FISH-DERIVED CELL LINES USING CFDA-AM TO ASSESS MEMBRANE INTEGRITY
Although esterase substrates have been used as a measure of cell membrane integrity since the 1960s (Rotman and Papermaster, 1966) , 5-carboxyfluorescein diacetate acetoxymethyl ester (CFDA-AM) is an example of one that was developed to improve this application (Haugland, 1996) . CFDA-AM diffuses into cells rapidly and is converted by nonspecific esterases of living cells from a nonpolar, nonfluorescent dye into a polar, fluorescent dye, 5-carboxyfluorescein (CF), which diffuses out of cells slowly. In this protocol, fish cells in microwell cultures are exposed for a period of time to a putative toxicant, and, after removal of the putative toxicant, CFDA-AM is added and the capacity of the cells to produce CF is measured.
Additional Materials (also see Basic Protocol)
4. Measure CF fluorescence on the fluorometric plate reader at respective excitation and emission wavelengths of 485 and 530 nm.
Alamar blue (see Basic Protocol, steps 24 to 28) and CFDA-AM can be added together to perform the two assays in a single step (Schirmer et al., 1997) 
EVALUATION OF TOXICITY IN FISH-DERIVED CELL LINES USING NEUTRAL RED TO ASSESS LYSOSOMAL ACTIVITY
Although first used to evaluate cell viability in virology, neutral red (NR) has been utilized most intensively in in vitro toxicology. The principle is that viable cells accumulate NR (3-amino-7-dimethylamino-2-methylphenazine hydrochloride) in lysosomes (Borenfreund and Puerner, 1984) . NR can be applied before or after the exposure of cell cultures to toxicants, so that the measured endpoint represents either the release or uptake of
1.5.9
Current Protocols in Toxicology Supplement 56 the dye (Borenfreund and Puerner, 1984; Reader et al., 1990) . Measurements can be done either spectrophotometrically (Borenfreund and Puerner, 1984) or fluorometrically (Essig- Marcello and van Buskirk, 1990) . In this protocol, the use of NR after the exposure of fish cells to toxicants and the fluorometric measurement of any subsequent changes in NR uptake are described. (Schirmer et al., 1998a,b) . 
Additional Materials (also see Basic Protocol)
REAGENTS AND SOLUTIONS
CFDA-AM stock solution, 4 mM
Dissolve the 5 mg vial of CFDA-AM (Molecular Probes) in 2.35 ml of sterile anhydrous DMSO (final concentration 4 mM) in a laminar flow hood. Dispense into sterile 1.5-ml microcentrifuge tubes in 50-μl aliquots to prevent degradation from thawing and refreezing. Wrap each microcentrifuge tube in aluminum foil to prevent light degradation. Store desiccated up to 1 year at -20 • C to avoid ester hydrolysis due to moisture.
L-15/ex solution
Development of this modified medium is outlined in Schirmer et al. (1997) and is based on the constituents of basal medium, L-15 (Leibovitz, 1963) . Make up all components from cell culture-grade reagents (Sigma) and prepare in cell-culture grade, distilled water.
Salt solution A:
In 600 ml water, dissolve: 80 g NaCl, 4.0 g KCl, 2.0 g MgSO 4 , and 2.0 g MgCl 2 Salt solution B: In 100 ml water, dissolve: 1.4 g CaCl 2 Salt solution C: In 300 ml water, dissolve: 1.9 g Na 2 HPO 4 and 0.6 g KH 2 PO 4 Autoclave each solution separately and store up to 1 year at room temperature Sodium pyruvate solution: In 100 ml of water, dissolve 5.5 g sodium pyruvate.
Filter sterilize through a 0.2-μm filter, dispense in 5.7-ml aliquots, and store up to 1 year at -20 • C.
Galactose solution: In 100 ml of water, dissolve 9.0 g galactose. Filter sterilize through a 0.2-μm filter, dispense in 5.7-ml aliquots, and store up to 1 year at -20 • C.
To prepare L-15/ex solution:
To 500 ml of sterile cell culture-grade, distilled water, add aseptically: 34.0 ml salt solution A 5.7 ml salt solution B 17.0 ml salt solution C 5.7 ml sodium pyruvate solution 5.7 ml galactose solution Store L-15/ex solution up to 1 year at room temperature L-15/ex can also be commercially purchased as a convenient powder from U. S. Biological, (cat. no. L1501 http://www.usbio 
.net/).
Leibovitz's L-15 complete medium containing FBS
To 500 ml of Leibovitz's L-15 medium (Sigma), aseptically add 50 ml fetal bovine serum (FBS; Sigma). The final FBS concentration in culture medium is 8.9%, which is usually referred to as 10%. Aseptically add 10 ml of 50× penicillin/streptomycin (final concentrations 100 IU/ml penicillin, 100 μg/ml streptomycin; Sigma). Store up to 1 year at 4 • C.
Neutral red extraction solution
Prepare 1% (v/v) acetic acid and 50% (v/v) ethanol in deionized, distilled water. Store for up to 1 year at room temperature in the dark.
Neutral red fixative solution
Prepare 0.5% (v/v) formaldehyde and 1% (w/v) CaCl 2 in deionized, distilled water. Store for up to 1 year at room temperature in the dark.
Toxicological Models
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Trypsin solution
Dissolve 100 mg trypsin (Sigma) in 10 ml of Ca 2+ -and Mg 2+ -free Hank's balanced salt solution (Sigma) to make a trypsin stock solution. Dispense 0.5 ml of this solution into 9.5 ml of Ca 2+ -and Mg 2+ -free Hank's balanced salt solution (e.g., Invitrogen/Life Technologies). Store up to 1 year at -20 • C.
The alternative TrypLE (Invitrogen, cat no. 12605-010 or -013, with 
COMMENTARY Background Information
The many in vitro toxicology tests can be divided into two types: general (basal) cytotoxicity tests and tests of differentiated cell function (Flint, 1990) . The general type consists of tests that measure cytotoxic phenomena only, e.g., the inhibition of cell proliferation. One premise of this approach is that all toxic phenomena are fundamentally related to an impairment of some aspect of cellular activity in vivo. Therefore, toxicity in vivo should be expected if the test agent is bioavailable to a target tissue at concentrations that are observed to impair cell viability in vitro. A potential weakness of this approach is the observation that, rather than being a general phenomenon of all tissues, toxicity in vivo is often limited to a small group of organs and cells within these organs. Thus, specific toxic effects might occur at concentrations well below those causing general cytotoxicity. The second class of in vitro tests attempts to overcome this weakness by monitoring a cellular function specific for the differentiated state of the cultured cell. From a risk-assessment point of view, the tests for differentiated cell functions are usually more valuable (Flint, 1990) . To date, mostly general cytotoxicity tests have been used in fish toxicology, and are described in this unit.
Many general cytotoxicity tests have been described. They measure impairment of cellular activities by potentially toxic treatments. However, since their first introduction, assays of cytotoxicity and/or cell viability have been criticized as to their meaning and have aroused debate as to which assay is most appropriate (Schrek, 1965; Shaw, 1994) . Cytotoxicity assays that monitor reproductive capacity have been described as being the most comprehensive because they integrate the soundness of the entire cellular machinery (Shaw, 1994) . However, proliferation assays are not ideal for all purposes. They usually reveal little about the specific cellular events that lead to impaired proliferation and can miss subtle, transitory effects. They give little insight into the potential short-term impact of an effect on cells on the integrity of an organ or tissue. Also, colony formation and proliferation rates are impractical endpoints with most fish cell lines, because the cells grow slowly. As an alternative to proliferative endpoints, assays of cell viability and cell injury can be performed (Shaw, 1994) , such as the ones described here.
Although numerous assays of cell viability have been developed, those that utilize fluorometric indicator dyes are perhaps best. First, more and more dyes are becoming commercially available to evaluate distinct cellular parameters. Second, the development of fluorometric multiwell plate readers has made the use of fluorometric dyes easy and rapid, such as for the assays in this unit. The microwells conserve material resources by reducing the number of cells needed and increasing the number of replicates. The plate readers have the potential for high interlaboratory reproducibility and can be coupled to robots for dosing and to computers for managing large amounts of data quickly and easily.
Critical Parameters and Troubleshooting
Temperature
The choice of temperature for growth, exposure, and assay of fish cell cultures is flexible 
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• to 25
• C for salmonid cells (Bols et al., 1992) . The medium used in this unit is based on Leibovitz's L-15, which does not need a 5% CO 2 atmosphere in order for the pH to be buffered (Leibovitz, 1963) . As a result, the "incubator" for fish cell cultures in CO 2 -independent media, such as L-15, can be a desk drawer at room temperature, or a temperature-regulated chamber, such as a conventional incubator or a refrigerator. For all the protocols that are described in this unit with salmonid cells, temperatures from 18
• to 22
• C give consistent results, and fluctuations within this range have little or no effect on the outcome.
Toxicant preparation
The acts of dissolving compounds and of adding them to cell cultures can be the source of several problems. Unfortunately, these are difficulties that cannot really be solved, but are important to consider when interpreting results. The problems are most severe for hydrophobic environmental contaminants, such as the PAHs. Several alternative strategies for toxicant delivery have to be considered. One is whether or not to use carrier solutions to dissolve the compounds. The second is whether or not to completely remove the medium that was used to initiate the cell cultures from the microwells and replace it with an equivalent volume of toxicant solution. For compounds that are going to be presented without the use of a carrier, there is usually no choice-the original medium has to be replaced with the toxicant solution. Except for extremely watersoluble compounds, the highest doses in doseresponse curves cannot be achieved by adding small aliquots of a concentrated solution. By contrast, high concentrations of hydrophobic compounds can be achieved in carrier solutions, allowing them to be added to cultures in small aliquots. Potential problems with carriers, exposure media, and presentation strategies for toxicants are further discussed below.
Carriers such as dimethylsulfoxide (DMSO) have nearly always been used to dissolve environmental contaminants for toxicity testing, but they potentially can influence the results. For example, fluoranthene that was dissolved in L-15/ex solution with DMSO was slightly more photocytotoxic to RTgill-W1 cells than fluoranthene dissolved in L-15/ex solution without DMSO (Schirmer et al., 1997) . Differences can also be found between carriers. DDT in DMSO was more cytotoxic to tilapia brain cells than DDT in acetone (Parkinson and Agius, 1987) . Ibuprofen in DMSO but not in ethanol was cytotoxic to RTL-W1, and the cells were more sensitive to ibuprofen when the final DMSO concentration was 0.5% rather than 0.05% (Schnell et al., 2009) . The induction of 7-ethoxyresorufin o-deethylase (EROD) activity in RTL-W1 cells was better after exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in DMSO than in isooctane (Clemons et al., 1994) . Also, the carrier can influence the induction potency of some compounds (Yu et al., 1997) .
Exposure medium
The medium in which cells are incubated during exposure to environmental contaminants is another variable that can influence results. An extremely simple one is used in this unit, which contains salts, galactose, and pyruvate at specified concentrations in the basal medium, Leibovitz's L-15 (Leibovitz, 1963) , which is termed L-15 exposure or L-15/ex (Schirmer et al., 1997) . Commercially available L-15/ex in powder form (U.S. Biological) has previously been used to evaluate the toxicity testing capabilities of RTgill-W1 in biochips (Brennan et al., 2012) . L-15/ex has several advantages. For photocytotoxicity studies, the absence of vitamins and aromatic amino acids prevents the inadvertent generation of toxicants from these compounds during the UV treatment. L-15/ex is also advantageous for detecting toxicants that cause cytotoxicity through the generation of reactive oxygen species (ROS). This is because expression of their toxicity should be aided by the absence in L-15/ex of most antioxidants. The one exception might be the presence of pyruvate. For mammalian cells, pyruvate is part of an antioxidant defense (O'DonnellTormey et al., 1987) . A limitation of L-15/ex is that exposure times are restricted to several days, as nutrient deprivation will ultimately cause cell death. The short exposure times mean that toxicants acting by inducing particular cellular processes, such as xenobiotic metabolism and causing accumulative damage, might be missed. Yet, RTgill-W1 cells survive in L-15/ex for at least 100 hr (Schirmer et al., 1997) . Although addition of fetal bovine serum (FBS) to the medium extends the life of cell cultures, the antioxidants of FBS prevent the detection of fluoranthene photocytotoxicity (Schirmer et al., 1997) . Also, FBS can alter
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Dosing strategies
Chemicals can be in applied in several ways to the cells. The two most commonly used dosing strategies are indirect and direct dosing. For indirect dosing, the medium that was used to initiate the cell cultures needs to be removed completely from the microwells and an equivalent volume of solution with the toxicant under study added. Both steps present difficulties. The medium-removal step has two problems. First, removal must be done quickly without damaging cells, which can be done by aspirating off the medium. But, this sometimes causes cell death. Death usually appears within minutes of aspiration and occurs in large patches over the culture surface. Routinely examining cultures with an inverted phase-contrast microscope shortly after aspiration easily identifies this problem. Alternatively, the medium can be removed by inverting the plate over a catch basin and blotting with a paper towel. This medium removal-technique has negligible contamination issues if done carefully in a laminar flow hood for exposures of short duration (as described in this unit). This is the recommended medium-removal technique, because the cells are not subjected to the same force as aspiration may involve. Second, complete removal of the initiating medium over the cell cultures has the potential to change the physiology of cell cultures. An example of this is the rapid induction of 7-ethoxyresorufin odeethylase (EROD) activity upon the removal of medium from cultures of the rainbow trout liver cell line RTL-W1 (Segner et al., 2000) . Replacing the medium with toxicant solution is problematic for hydrophobic compounds. A concentrated solution of toxicant in a carrier such as DMSO must be serially diluted in an aqueous solution to prepare concentrations for dose-response curves. Hydrophobic compounds have a tendency to stick to the walls of containers and pipets used to prepare these solutions. For volatile compounds, the number of pipetting steps increase the risk of evaporation of the test compounds. Thus, the final toxicant concentrations that the cultures receive can be lower than the concentrations apparently added. This problem can be solved by measuring the concentrations through analytical methods, as recently demonstrated for exposures in 24-well plates (Tanneberger et al., 2010 (Tanneberger et al., , 2013 , although these techniques may not be readily available to a cell culture laboratory. However, for some compounds, concentrations in the culture wells may change so quickly that accounting for available toxicant concentrations may also be difficult by analytical means alone. Potential alternatives in these cases are passive dosing systems Smith et al., 2010) .
The second presentation strategy, direct dosing, uses micropipets to add small volumes (≤10 μl) of the toxicant in carrier solvent to the medium over the cells in microwells. Dosing in this manner must be done very carefully with carriers such as DMSO. The small volume of DMSO sometimes falls as a blob directly onto the cells, immediately killing them. Again, examining cultures with an inverted phase-contrast microscope easily identifies this problem (Schnell et al., 2009) . As mentioned, the difficulty can be avoided by keeping the pipet tip close to the medium surface and allowing the surface tension to disperse the DMSO rapidly and evenly through the culture. This second presentation strategy has at least two advantages. Changing the medium is avoided, which also prevents any possible changes in the cells caused by this act. Final culture concentrations are closer to the apparent toxicant concentration that is added. In extreme cases, a compound might appear to be toxic with this dosing method, but not by the method of preparing the toxicant in exposure medium and using this solution to replace the growth medium of cell cultures. Schnell et al. (2009) dissolved ibuprofen in DMSO and found a 20-fold higher toxicity when dosed directly instead of indirectly. A similar observation was made by Tanneberger et al. (2010) , whereby the toxicity of 1,2-dichlorobenzene was 10-fold higher when the DMSO stock solutions was applied directly onto the cells. However, this phenomenon could only be observed when DMSO was used as solvent, and seems to appear only when hydrophobic and/or volatile compounds are used. When 1,2-dichlorobenzene was dissolved in methanol, the cytotoxicity triggered by both dosing methods was indistinguishable (Tanneberger et al., 2010) . If the results of the two different dosing strategies are profoundly different, they should be reported as such, as this will aid others in replicating the results in any future studies and will stress the subtlety of the cytotoxicant's actions.
UV irradiation
For the concurrent exposure of cultures to environmental contaminants and UV light, radiation exposures can be expressed in different ways, sometimes causing confusion. The
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Current Protocols in Toxicology most important distinction is between energy units, which refer to the wave-like character of radiation, and quantum units, which reflect the corpuscular character. The conversion from energy content to photon content is defined by Planck's equation. Fluence rates are used to refer to the quantity of radiation per area per time. Thus, Wm -2 and Jm -2 sec -1 are expressions of energy fluence rates, whereas mol (photons) m -2 sec -1 is an expression of photon fluence rates. In contrast to the fluence rates, the total amount of radiation received by the cells can be expressed as fluence, that is quantity per area. Thus, the energy fluence (Jm -2 = Wm -2 sec), or the photon fluence (mol (photons) m -2 ) can be calculated by multiplying the fluence rate by the time of irradiation (in seconds). For example, a photon fluence rate of UV-B at 313 nm of 1.4 μmol(m -2 )sec -1 , which has been shown to be environmentally relevant (Oris and Giesy, 1987) , is equivalent to an energy fluence rate at that wavelength of 53 μWcm -2 (or 53 μJcm -2 sec -1 ). If irradiation is performed for 2 hr, the energy fluence that the cells are exposed to is 0.4 Wcm -2 sec (or 0.4 Jcm -2 ). Inasmuch as UV radiation exposure decreases with increasing distance from the UV source, it is important to measure UV radiation at the position at which culture plates will be placed. In order to account for absorption of UV radiation by culture plate lids, place a lid between the UV source and the radiation measurement device. The irradiation of cells in the presence of tissue culture plate lids is highly recommended for two reasons. First, the lids ensure sterility during the illumination process. Second, the plate lids absorb any radiation below a wavelength of 290 nm, a filtering process which, under natural conditions, is carried out by stratospheric ozone (Schirmer et al., 1997) .
While measurements of UV irradiance should be done frequently to ensure that UV intensities of the fluorescent lamps are as required, initial measurements should confirm that the culture medium covering the cells does not detrimentally affect UV penetration. To study this, a lid-covered tissue culture plate with and without culture medium should be placed between the UV source and the spectroradiometer, and the values compared. If measurements are the same, it can be concluded that the culture medium used has no discernible effect on UV penetration. In contrast, lower UV intensities measured in the presence of culture medium indicate that cells obtain less UV radiation than anticipated. For example, the authors found that UV intensities were not significantly affected upon passage through a 4.7 mm path of L-15/ex medium, which equals 500 μl L-15/ex medium in a 48-well tissue culture plate. In contrast, the same passage of UV in the presence of 10% FBS led to a reduction of UV readings of 27% for UV-B and 9% for UV-A (Schirmer et al., 1997) . Another factor to consider is temperature. In the presence of a small fan and a distance of the tissue culture plates from the UV lamps of at least 15 cm, the authors did not find temperature to rise in the tissue culture medium within 2 hr of UV irradiation at a photon fluence rate of 10 μmol m -2 sec -1 UV-A and 1 μmol m -2 sec -1 UV-B (Schirmer et al., 1998b) . However, longer exposures or higher UV intensity may potentially lead to an increase in temperature.
Toxicant removal
Termination of toxicant exposures prior to the addition of the fluorescent indicator dyes to cell cultures must be done carefully and consistently. Inverting plates over a catch basin is recommended over aspiration. Removal must be done rapidly but without damaging cells. Viewing control cultures with an inverted phase-contrast microscope will identify any problems. Of course, at this stage, the loss of cells from toxicant-treated cultures can be expected.
Fluorescent microwell plate readers
A number of manufacturers (e.g., Molecular Devices, Applied Biosystems) make fluorescent plate readers, and likewise, microwell plates are produced by several companies (e.g., Falcon, Costar, Nunc). Although all fluorescent plate readers are likely suitable, the crucial issue is to make sure the microwell plate correctly matches the plate reader. Under most circumstances, only the appropriate settings need to be chosen, as the plate readers have been designed to accept most plates from various manufacturers. However, sometimes the dimensions for a particular microwell plate must be obtained from the manufacturer and entered into the plate reader.
As mentioned earlier, the minimum volume of fluorescent indicator dyes needed for accurate measurement might vary for different microwell plate readers. Thus, initial experiments should determine the most suitable volume.
Anticipated Results
Data analysis: Calculation of EC 50
The raw fluorescent units resulting from the cell viability assays are used to evaluate the
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toxicity of the chemical being tested. Cell viability is expressed as a percent of non-toxicantexposed cells (% of control Dose-response data typically follow a sigmoidal relationship and can be analyzed by nonlinear regression in most graphing software such as SigmaPlot (Jandel Scientific) or GraphPad Prism (GraphPad Software). The data are fitted to the four-parameter logistic function for continuous response data. The logistic function is:
where y(d) is the % cell viability at the dose d, Y min is the minimum percent cell viability, Y max is the maximum percent cell viability, g is a slope parameter, and EC 50 is the dose that produces 50% of cell viability.
Inasmuch as cell viability data are expressed on a 0% to 100% basis, the four-parameter equation is simplified to a twoparameter equation because Y max and Y min are constants of 100% and 0%, respectively:
Interpretation of results
With each fluorescent indicator dye (alamar blue, CFDA-AM, and NR), a reduction in fluorescent unit readings in experimentally treated cultures relative to the readings in control cultures indicates cytotoxicity or a loss of cell viability. The use of multiple dyes has the potential of revealing the mechanism(s) behind the cytotoxicity. However, the results and the interpretation can be straightforward or complicated, depending on the toxicant under study. Both a simple (Fig. 1.5 .2) and a complex example (Fig. 1.5.3 ) are presented.
When the dose-response curves for the three indicator dyes are identical or very similar for cell cultures after short exposures to toxicants, e.g., illustrated in Figure 1 .5.2 for 1,4-dimethyl naphthalene, this indicates that the toxic mechanism is general membrane damage, which includes impairment of organelle membranes, such as those for mitochondria and lysosomes, as well as the plasma membrane. Because this loss of cell viability occurs quickly, it has come to be known as direct cytotoxicity, to indicate that cellular metabolism of the toxicant is unlikely to be involved (Schirmer et al., 1998a) . The terms ultra-fast cell death, or less preferably, necrosis, have been suggested for cell death that occurs quickly in mammalian cell cultures in response to strong stimuli (Blagosklonny, 2000) . Ultra-fast cell death appears before the activation of caspase, which is a characteristic of apoptosis (Blagosklonny, 2000) . For mammalian cells, Blagosklonny (2000) has suggested that a time frame for the development of a decline in cell viability can be used to distinguish ultra-fast cell death (2 to 16 hr), apoptosis (16 to 36 hr), and slow cell death (>36 hr). As cellular phenomena take longer to develop in fish cells being grown at 18
• C than in mammalian cells at 37
• C, the time frame for these in fish cell lines might be increased considerably.
Alternatively, the dose-response curves with the different indicator dyes can be unlike one another. Several examples already have appeared in the literature. One combination of outcomes is a decline in cell viability as measured with alamar blue being accompanied by little or no change in cell viability as measured with CFDA-AM. Such results have been seen with benzo[a]pyrene (BaP) and 6, 12-BaP quinone . As the reduction of alamar blue to a fluorescent product is now thought to indicate cellular metabolism rather than specifically mitochondrial activity (O'Brien et al., 2000) , the results are interpreted as indicating that these compounds impair metabolism without impacting plasma membrane integrity. Another outcome combination is that of a greater decline in cell viability as measured with neutral red than in the cell viability monitored with alamar blue and CFDA-AM. This was seen in studies on the photocytoxicity of acenaphthylene, acenaphthene, phenanthrene, fluoranthene, pyrene, anthracene, and benzo [g,h,i] , 1998b) . The interpretation of these results is that specific lysosomal damage has occurred immediately after concurrent exposure to these compounds and UV radiation, with little or no impairment of plasma membranes and cellular metabolism.
The CFDA-AM assay appears to monitor impairment to plasma membranes, but Figure 1 .5.3A illustrates a perplexing outcome. A decline in fluorescent readings occurs at lower concentrations of 2-ethyl phenanthrene with CFDA-AM than with alamar blue, resulting in a lower EC 50 for this toxicant. If the CFDA-AM measures membrane integrity, then cellular metabolism evaluated with alamar blue would not be expected to continue with little or no impairment while the integrity of the plasma membrane has been lost. An explanation can be advanced for this apparent anomaly. When carried out as described here, a decrease in fluorescent readings with CFDA-AM actually measures a decline in the total esterase activity within a microwell cell culture. The decrease in esterase activity with toxicant treatment could be achieved in two general ways: the loss of plasma membrane integrity and/or specific inhibitory actions on cellular esterases. In turn, the loss of plasma membrane integrity could decrease culture esterase activity in two slightly different ways. The first of these would be the complete or partial lysis of the cells upon toxicant exposure so that the esterases are released into the medium and lost when the medium is removed and replaced with the CFDA-AM solution. Another possible cause for the diminution of esterase activity is a change in plasma membrane integrity so that cytoplasmic constituents are lost to the medium but the esterases remain contained within the cells, which are still attached to the surface of the microwells. This change in the cytoplasmic milieu would be less able to support maximal esterase activity. Alternatively, the toxicant treatment could leave membrane integrity unimpaired but specifically interfere with cellular esterases, causing activity to decline. Examples of this would be a toxicant interfering with the uptake of the substrate, CFDA-AM, across the plasma membrane, or inhibiting the catalytic activity of the esterases. The results in Figure 1 .5.3A, in which increasing 2-ethyl phenanthrene concentrations cause a more precipitous decline in CFDA-AM readings than in alamar blue readings, are likely an example of a toxicant impairing esterase activity rather than the plasma membrane.
Additional information into mechanisms of toxicity can be obtained by applying the
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Current After the cultures had been exposed for 2 hr (A), cell viability was assessed with alamar blue (circles) and CFDA-AM (squares). The exposure medium was replaced with complete medium and the cells were incubated for an additional 24 hr (B), after which viability was reassessed with alamar blue (hexagons) and CFDA-AM (diamonds). Results were expressed as a percentage of the readings in control wells exposed to medium with DMSO.
